Abstract -The purpose of this work is to establish an automated transit time and transfer current extraction tool for HICUM/L2. The key for realizing this goal was to create an equivalent circuit that includes all relevant elements influencing the extraction by mimicking the HICUM model code. For an accurate determination of the transit time, the equivalent circuit of the intrinsic transistor is required, which is obtained by deembedding the external elements using beforehand extraction information. The realized method is demonstrated to enable automated parameter determination with high accuracy.
I INTRODUCTION
The accurate bias dependent small-signal modeling of heterojunction bipolar transistors (HBTs) requires an accurate modeling and parameter extraction of the transit time (τ f ).
In the past, a variety of papers have been published about determining τ f from the measurable transit frequency f T (e.g. [1, 2] ). These methods have been used successfully for transistors with transit times down to several pico seconds. Improved strategies, like the ones in [3, 4] offer reasonably accurate determination of the transit time but use complicated equations focusing on determining selected parameters. This paper aims to provide an automated method for single transistors without compromising accuracy. First, known external elements are deembedded and the approach of chapter IV is used to reproduce the internal base resistance. Next, the intrinsic transistor is analyzed and the beforehand obtained inner Yparameters are used to determine τ f . Finally, experimental results of selected SiGe HBTs are provided. Fig. 1 shows the small-signal equivalent circuit of HICUM/L2 [5] in common-emitter configuration and forward bias operation. External elements, such as the parasitic base-emitter capacitance, can affect the determination of τ f severely and, therefore, need to be accounted for. It was shown in [6] that subtracting the impact of the capacitances (as C/g m with g m as transconductance) from 1/(2πf T ) according to the classical method is not sufficient in order to obtain τ f .
II DEEMBEDDING PROCEDURE OF EXTERNAL ELEMENTS
The problem can be solved by careful deembedding following the idea described in [7] , for which examples were given in [8] . In contrast to these results though, closed form expressions were used here to increase the flexibility and a verification for very diverse process technologies was performed.
The deembedding process of the network in fig. 1 is divided into several steps: First, the total network is separated into small two-ports. Next, the two-port parameters (e.g. Y-parameters) of the sub-two-ports are calculated by means of two-port analysis. Finally, the parameters are converted according to the interconnect type and the total transfer function Y tot is calculated.
The sub-two-ports of the network and the corresponding result for Y tot are shown in fig. 2 and (1), respectively. Several conversion operators are used: e.g. the y2a operator converts Y-parameters into A-parameters. Y x'' and Y x' correspond to the two-ports of C BCx'' and C BCx' , respectively.
(1)
The Y-parameters of the total network are known from measurements and the external elements of fig. 1 are assumed to be extracted beforehand, e.g. with the methods shown in [2] . Therefore, the intrinsic Y-parameters Y i can be calculated by rearranging (1) and (2) leading to ,
,
.
The sub-two-port A Bi plays an important role, as the component Z rBi , consisting of the internal base resistance r Bi and capacitance C rBi , is controlled by internal quantities like the minority charge and thus, is basically unknown for high currents prior to the extraction. This controlled characteristic leads to minor small-signal derivative terms that distort the small-signal characteristics [9] .
A first approach circumventing this problem is to use known internal quantities, like C jCi , to determine Z rBi (see chapter IV).
III INTRINSIC TRANSISTOR ANALYSIS
The implementation of HICUM/L2 in Verilog-A calculates all derivative terms automatically making the simulator implementation convenient but also non-transparent for the user. As a result, there might be unexpected small-signal elements. Fig. 3 shows the full intrinsic small-signal equivalent circuit of HICUM/L2 [5] . The above variables are derived from the implemented HICUM/L2 large-signal equations. In addition to the expected intrinsic transistor elements there are i dEc and i dCb that can affect the extraction process. The full derivation of the above elements can be found in [10] , leading to the Y-parameters of the intrinsic transistor:
The Y-parameters described by (5) have to match (6) -(9) enabling the calculation of the minority transit time that is included within the element C dEb according to either (10) or (11) Both equations are possible approaches for fitting τ f , but include other derivative terms that can influence the extraction. On the one hand, (10) includes a term that mainly affects the transit time extraction at low currents. Analyses have shown that the error of τ f is only about 1 % and can be incorporated within the fitting procedure [10] . On the other hand, the derivative term of (11) affects the high current region causing a deviation of about 10 % for positive V B'C' [10] .
As the extraction method assumes the transistor being biased in the forward region with negligible impact of g AVL (i.e. avalanche effect) and g jBCi on the small-signal quantities, the following approximations are valid:
Re-arranging (10) using the assumptions of (12) sets up the main reference τ fit for extracting the τ f parameters and a jEi : (13) with .
( 1 4 )
IV DETERMINATION OF THE INTERNAL BASE RESISTANCE
Under the quasi-static conditions considered here, the internal base capacitance C rBi can be neglected. This also applies to the minor derivative terms of r Bi , as this was found to be sufficiently accurate. Furthermore, some information about the intrinsic transistor is known, such as the behavior of C jCi , or can be assumed (e.g. C dCb << C jCi ). Using this information by combining equations (3) -(9), leads to three main options for reconstructing the internal base resistance:
( 1 7 ) A transistor simulation with known external elements (cf. fig.  4) 
V SELF-HEATING
The proposed method is also capable of extracting relevant temperature parameters. Neglecting the influence of the avalanche effect on self-heating, the device temperature is calculated by solving (18) and (19) with respect to T, with I C and I E as measured currents.
The influence of all transit time and transfer current related temperature parameters is included by a nested equation system similar to the example below:
Since the respective device temperature at each operating point is known through (18), an temperature dependent variable Q 1 can be extracted by including the nominal parameter value p T0 and all temperature parameters p T in the extraction process simultaneously. Therefore, the accuracy and the amount of usable data is strongly increased compared to methods using each ambient temperature separately.
As measurement frequencies are expected to be higher than 1 GHz, the effect of C th on AC data can be neglected.
VI FITTING PROCESS
To execute the new extraction method, it is important to obtain useful starting values based on robust methods. For the transfer current, the approach in [11] can be used. For τ f it is difficult to obtain suitable values for the critical current. To obtain appropriate values, a step by step procedure is used: first, according to [1] intercepts of Δτ f (I C /I CK ) are calculated, which is a valid approach as long as there is an intercept. A simple extension of that method is to shift sweeps without intercepts and extrapolate the respective critical current. Usually, even in that case the extracted parameters for I CK will not be accurate enough to extract high-current transit times. Therefore, the parameters are processed further according to [10] : all sweeps of Δτ f (I C /I CK ) are merged by minimizing errors to the mean curve as illustrated in fig. 5 . However, this will not solve the extraction of the lowfield internal collector resistance, as r Ci0 is solely related to the shift of Δτ f (I C /I CK ). However, r Ci0 can be used to shift the point of inflection of Δτ f to I C /I CK = 1, which is a good starting point before finally adjusting its value in a way such that the error of Δτ f is minimized. Fig. 5 . Critical current merging strategy: example of setting up errors e 1 and e 2 at an arbitrary I C /I CK ratio r 1 for running a least-square optimization.
[10] proposes to plot Δτ f (I C /I CK ) in logarithmic scale due to the exponential behavior of the emitter transit time Δτ Ef at medium current densities. This enables the user to judge whether the high current transit time extraction succeeded or failed. In case of a positive result ( fig. 6 ), it is possible to observe a linear dependence at low to medium current densities. 
VII EXPERIMENTAL RESULTS
To the authors' knowledge, this is the first automated transit time and transfer current extraction method for HICUM/L2. There is no "one click"-extraction, but it is possible to restructure the task and bring together a fair number of generalized settings for conducting an extraction. Using standard pre-settings will enable the user to obtain a useful parameter set for important characteristics.
The method has been successfully applied to several HBT technologies. The extraction program is implemented in Matlab, both as a command line mode and a GUI assisted tool. All presented results within this paper are direct results from the extraction output, i.e. there was no further manual adjustment performed.
Due to the high complexity of the system with more than 30 parameters involved and a varying uncertainty for the external elements of different transistors, the quality of the results will fluctuate as well. Nevertheless, with a fair knowledge of the external elements, results will be accurate for the region around f T,peak and in general even more accurate than a manual extraction for high currents due to the more complex parameter handling (esp. the parameters for the critical current), and the influence of self-heating. The results for a high speed transistor ( fig. 7 ) and a high voltage transistor ( fig. 8) show quite reasonable agreement for both the transit frequency and the collector current.
VIII CONCLUSION
An automated extraction method for the transit time and transfer current in HICUM/L2 was described and demonstrated. In contrast to other methods, suitable parameter sets can be generated automatically by the use of standard extraction settings. A major key of extracting high current parameters was to fully include self-heating in the extraction process, as well as to employ robust methods for extracting the critical current. Depending on the knowledge of parasitic elements, the methodology yields good agreement for measurement data of transistors from various kinds of process technologies. 
